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ABSTRACT
Rotary compressor used for refrigerant compression is the core equipment for room air conditioners(RACs). For an
energy efficient RACs, energy efficiency metrics is moving to seasonal performance evaluation. And the compressor
efficiency at low load conditions is getting more important than high load conditions. Therefore, compression
efficiency under low load conditions is a major indicator of overall operational efficiency. This paper presents a design
optimization procedure to improve the efficiency of a rotary compressor under low load condition using response
surface method(RSM) and fluid-structure interaction(FSI) technique. Three shape dimensions associated with the
discharge valve system were selected as design parameters, fifteen design points were planned using Box-Behnken
scheme. The performance of each design point was evaluated by numerical analysis using FSI for the composition of
response surface. In order to ensure the reliability, FSI techniques used in the performance evaluation were established
through verification with PV test data. The optimum model for the valve system was derived by analyzing the
constructed response surface. The responsibility of the optimum model was improved because it had relatively low
stiffness compared to the base model. As a result, compression efficiency increased as the energy loss caused by the
unstable behavior of the base model was reduced.

1. INTRODUCTION
A discharge valve in the rotary compressor is a unit that controls the discharge of compressed refrigerant, which has
a significant effect on the efficiency and reliability of the compressor. The excessive stiffness in the discharge valve
causes over-compression and reduces compressor efficiency. On the other hand, too little stiffness in the discharge
valve leads to reduced efficiency and compressor reliability problems due to unstable valve behavior. Therefore, valve
design with suitable stiffness for operating conditions is a key component of compressor design.
Both refrigerant (fluid) flow and valve (structural) behavior in the compressor should be considered when carrying
out the numerical evaluation of rotary compressors. To accomplish this, a three-dimensional numerical method using
the Fluid–structure Interaction (FSI) technique may be applied. However, because of the reliability problems of FSI
schemes and the need for high computing resources, performance predictions were performed primarily in the past
using theoretically accumulated formulas (Matsuzaka and Nagatomo, 1982). As the reliability of FSI schemes has
been verified and the computing power has evolved, numerical studies using three-dimensional FSI techniques for
rotary compressors have been gradually increasing (Ding and Gao, 2014, Yu et al., 2017, Jang et al., 2019).
In this study, design optimization was carried out for discharge valve in a rotary compressor using 3D FSI analysis
technique and DOE (design of experiment). Numerical reliability was verified through PV test of the base model and
comparative analysis with the results of the FSI analysis. The design variables and range of variation for discharge
valves were selected to perform design optimization, and the optimum model was derived using the response surface
method (RSM). The performance of derived optimum model was evaluated using FSI analysis to validate the
optimization.
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Figure 1: Schematic diagram of the discharge valve in a rotary compressor

2. COMPUTATIONAL METHODS
The rotary compressor in this study is a twin type, and the computational domain applied to the interpretation is the
same as the one in Fig. 2. Because the design optimization need many test sets, the computational domain was limited
to the pump section of the compressor (excluding the accumulator and the motor section) in consideration of the
computing resources.
A grid system for performing the numerical analysis was created using ANSYS Mesh ver. 19.1. The grid system
consists of structured and unstructured grid with the total number of nodes generated being approximately 200,000.
The volume inside the cylinder is composed of a structured grid, and the following user function allows the position
of each node to simulate the rotation of the roller as it moves in the x and y directions.
𝑥𝑛 = 𝑟𝑑𝑖𝑠 ∙ 𝑐𝑜𝑠𝜃, 𝑦 𝑛 = 𝑟𝑑𝑖𝑠 ∙ 𝑠𝑖𝑛𝜃
𝑟𝑑𝑖𝑠 = 𝑟𝑟 ′ + (𝑟𝑐 − 𝑟𝑟 ) ∙ 𝛼𝑛
𝑟 −𝑟
𝛼𝑛 = 𝑛 𝑟
𝑟𝑐 −𝑟𝑟

(1)
(2)
(3)

where rr is radius of the roller outside, rc is radius of the cylinder inside, rn is radius of each node point.
ANSYS CFX was used to calculate the internal flow field of the compressor and ANSYS Mechanical was used for
the analysis of the valve behavior. Fluid and structure analysis data according to time step were made to be Fully
Coupled in real time through ANSYS system coupling module. The governing equations used in the numerical
analysis are defined as follows.
Computational Fluid dynamics:
𝜕𝜌
𝜕𝑡
𝜕(𝜌𝑢)
𝜕𝑡

+ ∇ ∙ (𝜌𝑢) = 0

+ ∇ ∙ (𝜌𝑢𝑢 − 𝜏) = 𝑓𝑏

(4)
(5)

where t is the time, ρ the fluid density, τ the stress tensor of the fluid region, u the velocity vector and fb is the body
force vector of the fluid medium.
Structural dynamics:
M𝑈̈ 𝑡+∆𝑡 +C𝑈̇ 𝑡+∆𝑡 + 𝐾 𝑡 𝑈 = 𝑅𝑡+∆𝑡 − 𝐹 𝑡

(6)

where M is the mass matrix, 𝑈̈ is the nodal point acceleration vector, C is the damping matrix, 𝑈̇ is the nodal point
velocity vector, K is the stiffness matrix, 𝑈 is the nodal point displacement, R is the external load, F is the nodal point
force vector.
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Fluid–Structural interaction:
(Displacement compatibility)

𝑑𝑓̇ = 𝑑̇ 𝑠
𝑛 ∙ 𝜏𝑓̇ = 𝑛 ∙ 𝜏̇𝑠

(Traction equilibrium)

(7)

(8)

where 𝑑̇ is the displacement and n is the unit boundary normal vector outwards from computational domain.
The pressure conditions were assigned to the inlet and outlet as a boundary condition. The low load conditions that
are used in the operation of the air conditioner are targeted, and the following detailed condition is as shown in table
1. The working fluid is R410A refrigerants and the real gas properties are set to simulate compressibility. The valve
material is Sandvik 20C steel.
Table 1: Operating condition
Evaporating Temp.
[°C]

Condensing Temp.
[°C]

Superheat Temp.
[°C]

Sub-cool Temp.
[°C]

Rotating speed
[rev./s]

7.2

37.8

11.1

8.3

30

Table 2: Specifications of the sensors
Measuring range
[mm]

Output voltage
[V]

Resolution
[μm]

Linearity

Temperature range
[°C]

0~1

0~5

0.3

less than ±1 %

-20 ~ 180

Table 3: Specifications of the dynamic pressure sensor
Measuring range
[bar]

Natural frequency
[kHz]

Sensitivity
[pC/bar]

linearity

Temperature range
[°C]

0 ~ 250

160

-20

less than ±0.3 %

-20 ~ 350

Fixed support

Figure 2: Computational methods to perform the FSI analysis
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3. EXPERIMENTAL METHODS
To verify reliability of the computational methods, a PV test was performed along with a performance evaluation
using a calorie meter. The PV diagrams derived by PV tests represent the pressure changes resulting from volumetric
variation within the rotary compressor cylinder. This is an indicator of volumetric and indicated efficiency, and it is
possible to identify the loss components that occur inside the cylinders in the compression process.
The volume inside the cylinder varies periodically with the rotation of the roller, so it can be calculated from the
location data of the roller. Since a vane reciprocate according to the roller rotation, the location of the roller can be
checked by measuring the movement of the vanes. To measure the vane position data, a gap sensor was installed on
the vane as shown in Fig. 3. In addition, dynamic pressure sensors were installed by making holes on the cylinder
suction side and discharge side for measuring pressure inside the cylinder. The detailed specifications of the sensors
used during the PV test are described in Table 2 and 3.
Finally, the assembled compressor pump unit was installed in the bolted case and the sensor data cables were
connected to external amplifiers and DAQ equipment through feed-through as shown in Fig. 4. The base model set up
in a calorie meter to conduct the compressor performance evaluation and PV testing at the same time.

Prc-ssurc- sc-nsor
(suction)

Pressure sensor
(discharge)

Gap sensor

Figure 3: Installation of the PV test sensors

Figure 4: Installation of the PV test sensors
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4. OPTIMIZATION TECHNIQUES
4.1 Design Variables
As shown in Fig. 5, discharge valves and stoppers have various design variables. As the chosen design variables
increases in performing design optimization using the DOE, the number of test sets for deriving regression approaches
increases exponentially. As a result, it is very important to select design variables that are highly influential because
it is practically impossible to review all design variables.
Three design variables of the discharge valve and stopper were selected for independent change as they had a
significant impact on the valve stiffness and were not correlated with other design variables. The selected design
variables and the range are shown in Table 4.

4.2 Response Surface Method (RSM)
RSM is one of the experimental planning methods that produce the optimal solution by constructing the response
surface for the design variables and the objective function. There are central position method and box-behnken method
as representative methods for constructing the response surface. The review scope of the central position method is
defined in the following equation.
𝑅𝐶𝐶𝑀 = 𝑅𝑉 × √𝑛𝑉

(9)

where RCCM refers to the generation range of the response surface, RV refers to the range of each variable, and nV refers
to the number of variables. This means that it is possible to review areas wider than the range of variable changes
selected. The box-behnken method, on the other hand, performs an evaluation of the center points of the range of
design variable changes. Accordingly, the scope of review is narrower than the central composition method but has
the advantage of relatively small test sets, so it is suitable to apply to the ones with limited range of changes in design
variables.
Among the design variables chosen to perform this study, the valve thickness (Tv) was related to reliability and had to
be reviewed within the range of the selected changes. Therefore, the box-behnken method was applied as a method to
construct the response surface.
Table 4: Design variables and ranges for the design optimization
Range
(relative dimension to the base model)
Min.
Max.
0.82
1.18
0.6
1.4
0.525
1.050

Design variable
Stopper bending radius (Rs)
Valve neck width (Wv)
Valve thickness (Tv)

Stopper head width
Valve head diameter

Valve gui_de width
Valve neck width (W,.)

• . -~,-,,,

Stopper length

Stopper w idth

-

i Bolt hole diameter

-

...
Bolt hole diameter
Stopper thickness
Valve length

Valve thickness (T,.)

Valve guide length

Stopper bending length

Stopper gu ide length

Figure 5: Design variables of a discharge valve and stopper
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Figure 6: PV diagram for the base model
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Figure 7: Pareto chart for the design effect

5. RESULTS AND DISCUSSION
5.1 Validation Results for FSI Analysis
To verify reliability of the FSI analysis, the two data were compared and verified after the numerical analysis and the
PV test of the base model were carried out. The verification result is shown in Fig. 6. The calculated data from the
FSI analysis showed a tendency to be very similar to the PV test data.
In this study, the FSI analysis limited the computational domain to the compressor pump section, taking into account
the computing load. Accordingly, the condition for heat exchange was assumed as adiabatic condition, and only the
amount of sweep clearance leakage was considered. As a result, there was some error caused by heat loss and other
leakage components. However, it was determined that the error caused by heat, other leakage would not affect the
optimization results because the optimization targets are ones for valve and stopper. Previous studies evaluated for the
discharge system using FSI analysis techniques were also performed excluding the effect on heat loss and other
leakage components (Tan et al., 2014, Lemke et al., 2016).
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1.000
Predict

High
Cur
Low

Wv
0.6
[0.97]

Tv
0.525
[0.735]
1.18
1.4
1.050
, ,- - - - - - - - - - - ~ - - - - -~ - - - - - - ~ - - - -~ - - - - - - ~
M ---~=-=
- - - - Rs
0.82
[0.82]

EER
Maximum

Figure 8: Optimization result for the design variables

5.2 Results of the Design Optimization
As mentioned in Section 4.1, three design variables and range of variation for the discharge valve and stopper were
selected for performing optimization. A total of 15 test sets were created for constructing the response surface using
the box-behnken method. Two sets of them are the ones for calculating the error range that occurs during repeated
tests. The set for repeated performance was excluded from the assessment because the numerical analysis was used to
evaluate the performance of each test set.
After performing a performance evaluation of 13 test sets, the optimization analysis was performed using the
commercial program MiniTab 18. The objective function for the optimization was targeted at the compressor
efficiency (energy efficiency ratio, EER). Figure 7 presents the impact assessment result for each variable and
interaction. The interaction for valve thickness were shown to have the greatest influence on compressor efficiency,
and the influence of interaction between valve neck width and valve thickness was also shown to be high. On the other
hand, the impact of the stopper bending radius was minimal. This is judged to be because the amount of valve
displacement is not large due to optimization for low load conditions.

Finally, the optimal values were derived to maximize compressor efficiency through a regression analysis of the
calculated response surface as shown in Fig. 8. The selected optimal design variable values (relative dimension
to the base model) were 0.82 in stopper bending radius (Rs), 0.97 in valve neck width (Wv) and 0.735 in valve
thickness (Tv), when the EER increase rate (relative performance to the base model) predicted 0.99%. To verify
the generated optimum model, this model was evaluated using the same FSI analysis method as the base model. The
relative dimensions and EER increase rate for the optimum model were calculated. The calculated performance for
the optimum model (EER increase rate: 1.01%) was consistent with predicted value.

PV diagram and valve behavior characteristics calculated by the FSI analysis were created to confirm the
performance improvement as shown in Fig. 9 and Fig. 10. Data on valve behavior were dimensionless based on
maximum valve opening level for the base model. The optimum model designed by optimization has reduced
the neck width and thickness of the discharge valve compared to the base model. It means restoring force
reduction due to reduced stiffness of the valve. The initial valve opening level increased during the discharge of
compressed refrigerant due to reduced stiffness of the valve. In addition, the valve displacement after the initial
opening was stable in the optimum model. The valve of the base model was closed before the refrigerant
discharge was completed, and secondary behaviors were observed for the residual refrigerant discharge. The
stabilization of the valve behavior resulted in the smooth refrigerant discharge, reducing the loss of overcompression along with the rise of the cooling capacity, thus increasing the efficiency of the compressor. Based
on these results, it was verified that the design optimization of the discharge valve and stopper for low load
condition was properly achieved.
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Figure 9: PV diagram for each model
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Figure 10: Valve displacement characteristic for each model

6. CONCLUSIONS
In this study, the design optimization of the discharge valve and stopper was carried out to improve compressor
efficiency under low load conditions using FSI numerical analysis and DOE. The results of the study are as follows.


Full FSI analysis methods were established for compressor performance evaluation and reliability was
verified by PV test. Although heat loss is excluded considering computing time, it is appropriate to use them
in evaluating design variables that affect volumetric and indicated efficiency.



Design optimization has resulted in an optimum model for the discharge valve with lower stiffness compared
to the base model. The efficiency of the optimization model was increased by 1% over the base model. This
means that if the compressor operating load change, a review for the valve stiffness to improve compressor
efficiency will be effective.
In future works, a reliability review of the optimum valve derived from this study will be carried out and the
review design variables will be expanded as well.
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NOMENCLATURE
C
fb
K
M
Pn
Pmax_base
rc
rn
rr
Rs
Tv
u
𝑈
𝑈̇
𝑈̈
Wv
xn
yn
ρ
τ

damping matrix
body force vector of the fluid medium
stiffness matrix
mass matrix
valve opening level at each point
maximum valve opening level for base model
radius of cylinder inside
radius of each node point
radius of roller outside
stopper bending radius
vale thickness
fluid velocity vector
nodal point displacement
nodal point velocity vector
nodal point acceleration vector
valve neck width
displacement(x-direction) of each node point
displacement(y-direction) of each node point
fluid density
stress tensor

(mm)
(mm)
(mm)
(mm)
(mm)
(mm)
(mm)

(mm)
(mm)
(mm)
(kg/m3)
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